Campylobacter species are commonly transmitted to humans through consumption of contaminated foods such as milk and meat. The aim of this study was to investigate the prevalence, antimicrobial resistance, and genetic determinants of resistance of Campylobacter isolated from raw milk and beef carcasses in Tanzania. The antimicrobial resistance genes tested included bla OXA-61 (ampicillin), aph-3-1 (aminoglycoside), tet(O) (tetracycline), and cmeB (multi-drug efflux pump). The prevalence of Campylobacter was 9.5% in beef carcasses and 13.4% in raw milk, respectively. Using multiplex-polymerase chain reaction (PCR), we identified 58.1% of the isolates as Campylobacter jejuni, 30.7% as Campylobacter coli, and 9.7% as other Campylobacter spp. One isolate (1.6%) was positive for both C. jejuni and C. coli specific PCR. Antimicrobial susceptibility testing using the disk diffusion assay and the broth microdilution method showed resistance to: ampicillin (63% and 94.1%), ciprofloxacin (9.3% and 11.8%), erythromycin (53.7% and 70.6%), gentamicin (0% and 15.7%), streptomycin (35.2% and 84.3%), and tetracycline (18.5% and 17.7%), respectively. Resistance to azithromycin (42.6%), nalidixic acid (64.8%), and chloramphenicol (13%) was determined using the disk diffusion assay only, while resistance to tylosin (90.2%) was quantified using the broth microdilution method. The bla OXA-61 (52.6% and 28.1%), cmeB (26.3% and 31.3%), tet(O) (26.3% and 31.3%), and aph-3-1 (5.3% and 3.0%) were detected in C. coli and C. jejuni. These findings highlight the extent of antimicrobial resistance in Campylobacter occurring in important foods in Tanzania. The potential risks to consumers emphasize the need for adequate control approaches, including the prudent use of antimicrobials to minimize the spread of antimicrobial-resistant Campylobacter.
Introduction

M
any high-risk pathogens that cause diseases in humans are transmitted through various foods. Subsequently, the microbiological safety of food is an important issue for consumers, industry, and regulatory agencies. 7 Of the 25 species within the genus Campylobacter, C. jejuni and C. coli are responsible for the majority of human campylobacteriosis. 3, 22, 58 These species are considered important food-borne bacterial pathogens that can cause gastroenteritis worldwide. 93 The most significant sources of Campylobacter-associated infections include the consumption and/or handling of raw or undercooked poultry meat or other sources of meat, raw milk, contaminated water, seafood, and vegetables. Furthermore, cross-contamination of ready-to-eat foods during food preparation as well as direct contact with feces from infected humans and domestic pets have been recognized as risk factors. 3, 40 In the developing world, water and milk remain predominant means of transmission of campylobacteriosis. 20 Therefore, it is clear that reducing Campylobacter in foods and water is a desirable target for maintaining the safety of essential resources.
The control of Campylobacter is complicated by several factors, including the distribution of these pathogens in different food-animals/products and the environment. For example, studies have revealed a range of Campylobacter prevalence (up to 70%) in cattle. 31, [74] [75] [76] Furthermore, although the prevalence of Campylobacter in cattle carcasses and milk samples can be relatively low in comparison to other sources, studies have shown that approximately 15% of beef carcasses/meat can be contaminated with these pathogens. 38, 92 In addition, a Campylobacter prevalence of 41.7%, 10.2%, and 4.6% had been previously reported in raw bulk tank milk in Northern Italy, Pakistan, and Poland, respectively, while 6.25% of raw cow milk samples from retail stores were contaminated with Campylobacter in Iran. 9, 41, 69, 94 Milk can be considered a re-emerging risk factor, because the consumption of unpasteurized raw milk and/or products made from raw milk is becoming more popular in most countries. 5, 77 Taken together, these observations pose a particular concern for countries where milk is consumed raw on a regular basis or where no effort exists for prevention and control of carcass contamination.
While Campylobacter infections in humans are sporadic and often self-limiting, antimicrobial treatment is indicated in severe and prolonged cases of enteritis, in immunosuppressed individuals, young children, elderly, or pregnant women. 3 In these circumstances, macrolides (e.g., erythromycin [ERY] ) and fluoroquinolones (e.g., ciprofloxacin [CIP] ) are often the drugs of choice. 4 Other antimicrobials such as gentamicin (GEN), tetracycline (TET), clindamycin, and ampicillin (AMP) may be used as alternative drugs for the treatment of systemic Campylobacter infections. 10 However, over the years, various studies have reported an increase in the resistance of Campylobacter to these drugs. 8, 17, 19, 59, 71, 82, 85 The rise of antimicrobial resistance among Campylobacter spp. has been linked to the use of antimicrobials in veterinary medicine and in farming practices, mainly as prophylactic agents and growth promoters 88, 97 This is important, because some of the resistant isolates have been suspected to spread from food animals to humans. 71, 79 While antimicrobial-resistant Campylobacter spp. has been reported worldwide, the situation might be more severe in developing countries, where there is widespread and largely uncontrolled use of antimicrobials. 13, 46 The prevalence of Campylobacter species in poultry and humans have been documented in Tanzania. 24, 43, 56, 57, 61 However, limited data are available regarding the prevalence of Campylobacter in other foods, particularly in meat and milk, and even scantier information exists regarding the antimicrobial resistance properties of these pathogens. Prompted by the lack of data, we investigated the prevalence, and phenotypic and genotypic antimicrobial resistance profiles of Campylobacter spp. recovered from raw milk and meat widely available in Tanzania. Our results will constitute the basis for much-needed surveillance programs to monitor the trends of antimicrobial resistance in these food-borne pathogens.
Materials and Methods
Study area and sample collection
To investigate the prevalence of Campylobacter spp., a cross-sectional study was conducted from April 2013 through March 2014. A total of 537 samples, including unpasteurized raw milk (n = 284) and cattle dressed carcass swab samples (n = 253), were collected from three geographically different municipalities, namely Arusha (n = 205; 105 carcasses and 100 milk samples) in Northern Tanzania, Iringa (n = 120; 48 carcasses and 72 milk samples) in Southwestern Tanzania, and Morogoro (n = 212; 100 carcasses and 112 milk samples) in Eastern Tanzania.
Milk samples were collected from two sources: vendors selling milk (n = 174; 67 from Morogoro, 70 Arusha, and 37 Iringa) or from bulk tanks at milk collecting centers (n = 110; 45 from Morogoro, 30 Arusha, and 35 Iringa) from each of the three municipalities. In each sampling, 40 ml of milk were collected aseptically and stored in a cool box with ice packs before transportation to the laboratory for analyses.
For sampling beef carcasses, surface swabbing was performed using a previously described technique. 15 Briefly, a sterile gauze pad (7.6 · 7.6 cm; Johnson & Johnson Medical, Inc.) premoistened with sterile maximum recovery diluents (MRD; Oxoid) was used to swab four parts of the carcass (neck, brisket, flank, and rump) in a downward motion. Each gauze pad was then placed in a sterile plastic bag (Ziploc Ò ; SC Johnson). The air was squeezed out of the bag, which was then closed tightly, labeled, and stored in a cool box with ice packs before transportation to the laboratory for further analyses within a maximum of 48 hr. On arrival at the Faculty of Veterinary Medicine, Sokoine University of Agriculture, each sample was processed using standard procedures for isolation of thermophilic Campylobacter spp. as described next.
Bacterial isolation and growth conditions
For isolation of Campylobacter species, milk was homogenized and 5 ml was added to 10 ml of Preston enrichment broth containing Campylobacter growth supplements (CM067, SR048, SR117, and SR232; Oxoid). The enrichment tubes were incubated at 42°C for 48 hr under microaerophilic condition (5% O 2 , 10% CO 2 , and 85% N 2 ), which was generated using airtight jars containing the Campy Pouch System (Becton Dickinson and Co.).
For isolation of Campylobacter species from carcass samples, 50 ml of MRD was added to each swab and homogenized by squeezing for 3 min. A 5 ml aliquot of the resulting suspension was removed and added to 10 ml of Preston enrichment broth as described earlier.
After enrichment of the milk and carcass samples, 100 ml from each culture was spread onto modified charcoal cefaperazone deoxycolate agar (mCCDA) (CM0739; Oxoid) containing the Campylobacter CCDA selective supplement, SR155E (Oxoid). The agar plates were then incubated at 42°C for 48 hr under microaerophilic conditions. Approximately three presumptive Campylobacter colonies from each mCCDA plate were then subcultured onto MuellerHinton (MH; Difco) agar containing the Campylobacter Selective Supplement, SR117 (Oxoid) and incubated at 42°C for 48 hr under microaerophilic conditions. Putative Campylobacter colonies were frozen at -80°C in MH broth supplemented with 30% glycerol (v/v) until species differentiation using polymerase chain reaction (PCR) was performed.
DNA extraction and PCR analysis for Campylobacter identification and speciation Bacterial DNA lysates were prepared from fresh Campylobacter cultures using the boiling method as previously described. 25 Briefly, half of a loopful of bacterial growth from the plates were suspended in 100 ml of sterile RNase/ DNase-free water, heated at 95°C for 10 min, cooled, and centrifuged at 13,000 g for 10 min. The supernatants containing the nucleic acids were transferred to new tubes and stored at -20°C. In cases where no PCR products were detected, template DNA was prepared again using QIAamp DNA Mini Kit (Qiagen) according to the manufacturer's instructions.
Confirmation of Campylobacter and speciation were performed by multiplex-PCR (mPCR) as previously described. 95 The mPCR conditions and the genus-and species-specific primers were previously described. 23, 47, 54 Isolates that were positive for the genus-specific PCR fragment but negative for the C. coli and C. jejuni-specific PCR fragments were designated as other thermophilic Campylobacter. C. jejuni 81-176 (wild-type strain) and C. coli (ATCC 33559) were used as positive controls, while standard-grade laboratory water was used as a template negative control.
Antimicrobial susceptibility testing
Antimicrobial susceptibility testing was carried out using the Kirby-Bauer disk-diffusion and the broth microdilution methods. 18, 32, 52 Although the disk diffusion method is more convenient, flexible, cheap, and widely used for testing pathogens in resource-limited conditions, it does not allow the determination of minimum inhibitory concentrations (MIC) for each of the antimicrobials. 52, 55, 84 Therefore, we adopted both methods to generate robust antimicrobial resistance analysis and reduce methodological bias. Both tests were performed in accordance to the recommendations of the Clinical Laboratory Standards Institute (CLSI) 18 and using the CLSI breakpoint interpretive criteria. In the cases when CLSI recommendations were not available, the ROSCO MIC for veterinary isolates was used to determine the breakpoints 70 ( Table 1 ). The Kirby-Bauer disk-diffusion method was performed on MH agar plates. In this assay, nine antimicrobials (Oxoid) were tested at the following concentrations: 10 mg AMP, 5 mg CIP, 15 mg ERY, 30 mg nalidixic acid (NAL), 10 mg streptomycin (STR), 30 mg TET, 15 mg azithromycin (AZM), 10 mg GEN, and 30 mg chloramphenicol (CHL). These antimicrobials are representatives of the drugs used for humans and in the animal industry in Tanzania. Briefly, Campylobacter cultures were suspended in sterile normal saline and the turbidity was adjusted to the 0.5 McFarland standard using the Vitek colorimeter (Lenexa). A sterile cotton swab was then dipped into a suspension, which was spread evenly on the entire surface of an MH agar plate. The plate was allowed to dry for 5 min. Antimicrobial discs were placed on the surface of plate and after 24 hr of microaerobic incubation at 42°C, the diameter of the zone of inhibition was measured. Staphylococcus aureus (ATCC 25922) and Escherichia coli (ATCC 29213) were used as reference strains. Zones of growth inhibition were interpreted according to the CLSI guidelines. 18 Using the broth microdilution method, seven antimicrobial agents (Sigma-Aldrich Co.), ampicillin, ciprofloxacin, erythromycin, gentamicin, tylosin (TYL), streptomycin, and tetracycline, were tested. Briefly, Campylobacter isolates were suspended in MH broth to achieve an OD 600 of 0.05. One hundred microliters of a suspension were added to each well of the 96-well plate containing twofold serial dilutions of the antimicrobial agents. After incubation under microaerobic conditions at 42°C for 24 hr, the plates were scored by visual examination of growth inhibition. MIC values were defined as the lowest concentration of an antimicrobial agent that produced no visible growth. In this experiment, C. jejuni (81-176) and C. coli (ATCC 33559) were used as control strains. Multi-drug resistance (MDR) was defined as resistance to three or more antimicrobial agents as previously described. 37 
Detection of antimicrobial resistance genes
Campylobacter isolates were screened for the presence of four antimicrobial resistance genes, tet(O), aph-3-1, cmeB, and bla OXA-61 , as previously described by Obeng et al. 63 The mPCR was performed with 5 min initial denaturation at 94°C, followed by 39 cycles of denaturation at 94°C for 30 sec, annealing at 54°C for 45 sec, extension at 72°C for 1 min, and final extension at 72°C for 10 min. 63 Purified water was used as a negative control.
Sequence analysis of bla OXA-61 and tet(O)
To investigate the potential heterogeneity in bla OXA-61 , gene sequencing was performed on five Campylobacter isolates (two C. jejuni and three C. coli) that exhibited different MIC levels against ampicillin (MIC at 8, 32, 64, and >64 mg/ml, respectively). These strains were subjected to PCR that targeted the whole bla OXA-61 sequence (*896 bp) using the following primers: F-5¢-CGATGGATCCCTTTAATGGTTAC-3¢ and R-5¢-TACGGGATCCTCACTAG CCATC-3¢. 2 The PCR products were purified using the QIAquick PCR Purification Kit (Qiagen) and commercially sequenced (Eurofins Genomics) in both directions. The sequences were then analyzed, edited using Chromas (www.technelysium.com.au/chromas2 .html), and aligned using Clustal Omega (www.ebi.ac.uk/ Tools/msa/clustalo/) to generate the full-length sequence for each of the genes.
To determine whether there was sequence heterogeneity, the full-length bla OXA-61 genes were compared using Clustal Omega. C. jejuni class D b-lactamase (cam1) gene (accession numbers AY587956.1) was used as a reference during sequence analysis. Blast N was used to identify active and conserved sites that are indicative of class D b-lactamase genes.
Furthermore, tet(O) in C. jejuni (n = 2) and C. coli (n = 1) that exhibited different resistance to tetracycline (MIC at 8, 32, and 64 mg/ml, respectively) were sequenced as described earlier. However, since tet(O) is *1998 bp in length, we used two sets of overlapping primers: F-5¢-TGCGGCAA GGTATTCTTAAAT-3¢ with R-5¢-ATGGACAACCCGAC AGAAG-3¢and F-5¢-GCGTTTTGTTTATGTGCG-3¢with R-5¢-ATTTTATATGACTTTTGCAAGCTG-3¢ to cover the whole sequence. 63, 90 The fragments were edited, aligned, and analyzed as described earlier. The tet(O) gene from C. jejuni strain F8-H1-S1 (accession numbers AM884250) was used as a reference during sequence analysis. The tet(O) sequences were further compared by performing restriction analysis using Restriction Mapper (www.restrictionmapper.org/) and the restriction sites that were identified elsewhere. 51 
Statistical analysis
The prevalence and antimicrobial resistance of Campylobacter spp. from milk and beef carcasses obtained in all three municipalities were compared statistically using w 2 analysis. A value of p < 0.05 was considered statistically significant. Agreement between the antimicrobial resistance tests was determined using the Kappa statistic. A Kappa value of 1 (100%) indicates total agreement between the classifiers.
Results
Occurrence and distribution of Campylobacter spp.
Campylobacter spp. were detected in 13.4% (38 of 284 isolates) of the milk samples and 9.5% (24 of 253) of the beef carcass samples (Table 2 ). PCR analysis revealed that 58.1%; (36 of 62) of the Campylobacter isolates were C. jejuni, whereas 30.7% (19 of 62) were C. coli. In addition, 9.7% (6 of 62) of isolates were Campylobacter spp. other than C. jejuni or C. coli, while 1 isolate (1.6%) was positive for both C. jejuni and C. coli.
Furthermore, 55.3% (21 of 38) of Campylobacter isolates recovered from milk were C. jejuni, 31.6% (12 of 38) were C. coli, and 1.8% (5 of 38) were other Campylobacter spp. Similarly, 62.5% (15 of 24) of isolates from carcass samples were C. jejuni, 29.2% (7 of 24) were C. coli, and 4.2% (1 of 24) were Campylobacter spp. other than C. jejuni or C. coli. Collectively, the overall isolation rate of C. jejuni (6.7%) from all samples was significantly higher (w 2 = 5.039; 95% confidence interval [CI] = 5.039; p = 0.0248) in comparison to 3.5% of C. coli.
The occurrence of Campylobacter in animal products varied according to the geographic location of the sampling sites (Table 2) . Specifically, contamination of carcasses with Campylobacter spp. comprised 15% (10 C. jejuni, 4 C. coli, and 1 isolate that was positive for both C. jejuni and C. coli), 4.8% (1 C. jejuni and 1 C. coli), and 6.6% (4 C. jejuni, 2 C. coli and 1 other Campylobacter spp.) for the samples collected from Morogoro, Iringa, and Arusha, respectively.
Similarly, milk samples were the most frequently contaminated with Campylobacter spp. with mean isolation rates of 21.4% (17 C. jejuni, 5 C. coli, and 2 other Campylobacter spp.), 9.7% (4 C. jejuni, 2 C. coli, and 1 other Campylobacter spp.), and 7.0% (0 C. jejuni, 5 C. coli, and 2 other Campylobacter spp.) from Morogoro, Iringa, and Arusha, respectively. Campylobacter contamination (in both milk and beef carcass samples) in Morogoro was higher ( p < 0.05) than that found in Arusha. There was no significant difference ( p > 0.05) in Campylobacter prevalence (in both milk and carcass samples) between Arusha and Iringa, and between Morogoro and Iringa.
Antimicrobial susceptibility testing
To better assess the potential public health impact of Campylobacter spp., a total of 54 of 55 isolates (35 C. jejuni and 19 C. coli; 1 C. jejuni could not be retrieved from glycerol stocks) were assayed for their potential to resist nine antimicrobials by the Kirby-Bauer disk-diffusion method. A total of 51 of 55 isolates (32 C. jejuni and 19 C. coli) were also tested by the broth microdilution method against a panel of seven antimicrobial agents that are of both clinical and veterinary importance.
Analysis of the Kirby-Bauer disk diffusion assay showed that 53 of the 54 isolates (98.2%) were resistant to one or more antimicrobial agents, whereas one (1.9%) of the isolates was pan-susceptible to all antimicrobials tested (Table  3) . Eleven isolates (20.4%; 5 C. jejuni and 6 C. coli) were resistant to a single antimicrobial agent, and 14 isolates (25.9%; 10 C. jejuni and 4 C. coli) showed resistance to two antimicrobial agents. All isolates were susceptible to GEN, and 9.3% of the isolates (three C. jejuni and two C. coli) were found resistant to CIP (Table 4) .
About 13% of Campylobacter isolates (six C. jejuni and one C. coli) were resistant to CHL, and 18.5% (eight C. jejuni and two C. coli) were resistant to TET. Furthermore, 19 (35.2%) isolates were shown to be resistant to STR, 23 (42.6%) to AZM, and 29 (53.7%) to ERY. In addition, 63% (25 C. jejuni and 9 C. coli) of the isolates were resistant to AMP, while 64.8% of the isolates were resistant to NAL (23 C. jejuni and 12 C. coli) ( Table 4 ). Resistance to CIP was significantly higher ( p < 0.05) in isolates recovered from milk in comparison to carcass isolates, while resistance to AMP was significantly higher in isolates from carcass samples ( p < 0.05). Significant differences between milk and carcass isolates were not observed for the remaining antimicrobial agents.
Twenty-eight of 54 (46.3%) isolates (19 C. jejuni and 9 C. coli) showed MDR. Of the MDR isolates, 10 (47.6%) were from beef carcass and 18 (54.6%) were recovered from raw milk. The most common MDR patterns observed among isolates were resistance to ERY/AMP/AZM/NAL (13%), ERY/NAL/STR (5.6%), and ERY/TET/AMP/AZM/NAL/ STR (5.6%) ( Table 3) .
Analyses using the broth microdilution method showed that of 51 isolates, 2 C. jejuni were pan-susceptible to all tested antimicrobials (Table 5) . Forty-eight (94.1%) isolates Table 3 Antimicrobial resistance was determined using the disk-diffusion method. Results are shown as numbers of isolates with percentage given in parentheses.
AMP, ampicillin; AZM, azithromycin; CHL, chloramphenicol; CIP, ciprofloxacin; ERY, erythromycin; GEN, gentamicin; NAL, nalidixic acid; STR, streptomycin; TET, tetracycline.
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showed resistance to AMP, 46 (90%) to TYL, 45 (88.2%) to STR, 36 (70.6%) to ERY, 9 (17.7%) to TET, 6 (11.8%) to GEN, and 6 (11.8%) to CIP ( Table 4 ). The most prevalent resistance pattern (n = 33; 64.7%) among isolates was for macrolides (ERY and TYL), aminoglycoside (STR), and blactam (AMP), respectively (Table 5 ). Only 17.7% and 11.8% of the isolates were resistant to TET and CIP, respectively ( Table 4) . The highest MDR, irrespective of the antimicrobials, was found among milk isolates, where more than 90% (n = 28) of the isolates were resistant to three or more antimicrobials (Table 5) .
A comparison between the disk-diffusion and microdilution methods showed no significant differences ( p > 0.05) in the number of isolates that were resistant to CIP, ERY, and TET, respectively (Table 4 ). Significant differences ( p < 0.05) were found for GEN, STR, and AMP (Table 4) . Furthermore, using the Kappa statistics, the lowest agreement between disk diffusion and broth microdilution was noted for GEN and STR (Kappa value = 0.1560 and 0.2380, respectively), while the highest agreement was noted for TET (Kappa value = 0.9132) ( Table 4) . TYL, tylosin.
Antimicrobial resistance genes
The antimicrobial resistance genes tet(O), aph-3-1, bla , and cmeB were identified in 10.5%, 5.3%, 52.6%, and 26.3% of the resistant C. coli isolates, respectively (Table 6) . tet(O), aph-3-1, bla OXA-61 , and cmeB were detected in 12.5%, 0%, 25%, and 18.8% of the resistant C. jejuni isolates, respectively (Table 6) . Twelve isolates (seven C. jejuni and five C. coli) harbored more than one resistance gene. In addition, 15 (10 C. jejuni and 5 C. coli) isolates with an MDR phenotype were identified to carry the multidrug efflux gene cmeB. However, in many instances, an antimicrobial resistance gene was not detected in the isolates exhibiting resistance to the cognate antimicrobial agent. For example, bla OXA-61 was not detected in 21 C. jejuni and 9 C. coli that were phenotypically resistant to ampicillin. Similarly, tet(O), aph-3-1, and cmeB were not detected in phenotypically resistant Campylobacter isolates (Table 6 ). Only tet(O) was identified in 15.8% of the susceptible C. coli isolates, while tet(O), aph-3-1, bla OXA-61 , and cmeB occurred in 18.8%, 3.1%, 3.1%, and 12.5% of the susceptible C. jejuni isolates, respectively (Table 6 ).
Sequence analysis of bla OXA-61 and tet(O)
Sequence analysis showed that all the bla OXA-61 genes had the sequences encoding the serine b-lactamase active-site STFK (positions 58-61) and the conserved motifs, YGN (positions 133-135) and KTG (positions 196-198) , that are characteristic of class D b-lactamase. Therefore, we confirmed that the bla OXA sequences in our tested samples belonged to class D b-lactamase genes. Further analysis revealed that the five genes could be divided into two main alleles based on base pair substitutions (Fig. 1) . One allele was found in SCB11 (ampicillin sensitive C. jejuni isolated from carcass samples; MIC = 8 mg/ml), ARM7 (ampicillin resistant C. jejuni isolated from milk samples; MIC > 64 mg/ ml), SCB1 (ampicillin resistant C. coli isolated from carcass samples; MIC = 64 mg/ml), and SCB15 (ampicillin-resistant C. coli isolated from carcass samples; MIC = 32 mg/ml).
The second allele was found in CB15 (ampicillin-resistant C. coli isolated from carcass samples; MIC > 64 mg/ml). Collectively, our data show that identical bla OXA-61 alleles can occur in both C. jejuni and C. coli. Furthermore, there was no correlation between the occurrence of a certain allele and consistently increased resistance to ampicillin. Although the allele in CB15 was associated with high ampicillin resistance, the limited number of sequenced samples in this particular case precluded definitive correlations.
All three tet(O) genes analyzed and the reference gene showed identical enzyme restriction profiles that are characteristic of tet(O). The restriction profile was as follows: HincII Further analysis revealed that the tet(O) genes were divided into three alleles based on base pair substitutions (Fig. 1) . Specifically, the alleles were distributed in M5 (C. jejuni from milk samples with intermediate resistance to tetracycline; MIC = 8 mg/ml), ARM7 (tetracycline resistant C. jejuni; MIC = 64 mg/ml), and M15 (tetracycline-resistant C. jejuni from milk samples; MIC = 32 mg/ml). Although two of the alleles were associated with high tetracycline resistance, the limited number of sequences precluded definitive correlations.
Discussion
Cattle are typically carriers of C. jejuni; therefore, milk and carcass cross-contamination may occur from the feces of the animal or different animals during milking or slaughtering. 38 While only one previous study addressed the prevalence of Campylobacter in slaughtered cattle in Morogoro, 61 here, we report the prevalence and antimicrobial resistance profiles of Campylobacter spp. recovered from raw milk and beef carcasses in three municipalities in Tanzania. The prevalence of Campylobacter spp. of 9.5% on beef carcasses is in close agreement with a previous study that reported Campylobacter on 9.3% of dressed beef carcasses at the Morogoro municipal abattoir inTanzania. 61 In some countries, the prevalence of Campylobacter in beef carcasses was different and usually lower in comparison to this study. For example, the prevalence of Campylobacter in beef carcasses in Poland ranged between 2.7% and 14.9%, 19 ,91 while 3.5%, 3.3%, and 1.5% of the carcasses were contaminated in Finland, 38 Belgium, 33 and Canada, 11 respectively. Furthermore, the overall recovery rate of Campylobacter isolates from beef carcasses in this study was significantly different among the three sampling location/regions. These differences may be due to several variables, including geographical location, type of feeds, husbandry, and/or slaughter practices, which have been previously suggested to account for the variation in the prevalence of Campylobacter spp. 38, 80 Transmission of Campylobacter infections to humans via the consumption of raw milk has been reported in numerous outbreaks. 39, 40, 60, 89 In this study, 38 out of 284 (13.4%) of all milk samples were positive for Campylobacter spp., which corroborates findings reported in some countries, including Pakistan and Italy. 9, 35, 41 However, the prevalence of Campylobacter in milk in this study was higher in comparison with samples from Nigeria, Iran, Egypt, and Poland 27, 69, 73, 94 and lower than that reported in China. 96 Therefore, the prevalence of Campylobacter in milk appears to vary between different countries. While the precise cause of the latter is not clear, handling and distribution of milk along with sample collection and processing strategies and Campylobacter isolation might account for the variation in prevalence between countries. In Tanzania, the consumption of raw/unpasteurized milk in rural and peri-urban areas is common. 49 Hence, the occurrence of Campylobacter in these samples constitutes a tangible risk to public health.
Although C. jejuni was the most prevalent species isolated in this study (55.3% and 62.5% of raw milk and carcass samples, respectively), C. coli (29.2% and 31.6%) was also frequently isolated from these samples. This is not surprising, because it has been reported that C. jejuni can be more prevalent in some food animals (e.g., poultry and cattle) and in dairy products in comparison to C. coli, which is usually predominant in swine. 33, 38, 41 Furthermore, the prevalence of C. coli in this study is similar to that reported in other countries. 21, 62, 69, 92 The distribution of C. jejuni and C. coli can be influenced by many factors, including seasonality, age of the animal, and geographical locations. For example, Sanad et al. 75 reported a higher prevalence of C. coli in cattle fecal samples collected from the Southern United States in comparison to those from Northern, Midwestern, and Eastern regions.
Most of the isolates in this study (>98%) showed resistance to one or more of the tested antimicrobial agents. The relatively high percentages of resistance to most antimicrobial agents tested may be due to relatively unrestricted use of antimicrobial agents in animal treatment that is practiced in most of the developing countries. 16 Fluoroquinolones such as ciprofloxacin are the drugs of choice for the treatment of campylobacteriosis in humans. In this study, 9.3% (n = 5) and 11.8% (n = 6) of all Campylobacter isolates were resistant to ciprofloxacin by using the disk-diffusion and broth microdilution methods, respectively. Ciprofloxacin resistance observed in this study is significantly lower than that reported elsewhere. 81, 92 However, considering the fact that fluoroquinolones are not approved for use in dairy cattle in the Tanzania, this finding is of great interest and concern. This could also imply that the Campylobacter identified from animals and their products could have originated from humans where ciprofloxacin is commonly used. However, identifying the source of these isolates will require further analysis.
In this study, resistance to nalidixic acid was found in both C. jejuni (65.7%) and C. coli (63.2%) isolates. A high number of nalidixic acid-resistant Campylobacter (up to 75% of tested isolates) was previously observed in samples from a variety of sources, including chicken and beef meat and carcasses. 12, 21, 81 The resistance of Campylobacter to fluoroquinolones can be associated with discrete point mutations in gyrA, the gene that encodes the DNA gyrase subunit A. 26, 65 For example, a gyrA mutation leading to a Thr86-Ile substitution confers resistance to both ciprofloxacin and nalidixic acid. 87 However, resistance to nalidixic acid alone was associated with a single gyrA mutation leading to a Thr86-Ala substitution. 6, 44 Therefore, resistance to nalidixic acid alone can develop independently from resistance to ciprofloxacin. 6, 44 It follows that gyrA mutations might explain disparate resistance to nalidixic acid and ciprofloxacin in this study. However, further experimental evidence is needed to support this conclusion.
The resistance to macrolides ranged from 33% to 88% for erythromycin and 90% for tylosin. This was expected, because resistance to erythromycin 72, 85 and tylosin 34 had been previously observed in Campylobacter isolated from food animals from different countries. In addition, one study reported that more than 80% of 136 Campylobacter isolates associated with humans in Tanzania were resistant to erythromycin. 50 Resistance to macrolides (erythromycin and tylosin) could have been induced by extensive use of tylosin in Tanzania as a therapeutic agent for treatment of cattle respiratory conditions such as Mycoplasma infection. The usage of tylosin in animals for the purpose of either treatment or growth promotion contributes to the selection of resistant Campylobacter strains to erythromycin as well as to resistance to ciprofloxacin and nalidixic acid. 45 Chloramphenicol and gentamicin resistance in Campylobacter spp. have been reported to be low. 30, 48 This is in agreement with the results of this study, which showed that 13% and 11.8% of the isolates were resistant to chloramphenicol and gentamicin, respectively. Chloramphenicol resistance in Campylobacter is associated with a plasmidborne acetyltransferase, which modifies chloramphenicol, impeding its binding to ribosomes. 78, 86 However, whether this plasmid occurs in some of the isolates in this study or whether these strains may carry chromosomally encoded resistance gene is not currently known and requires experimental verification. Furthermore, none of the isolates were resistant to gentamicin when the disk diffusion assay was used; hence, these results should be interpreted with caution and methodological biases should be considered.
Campylobacter spp. are inherently resistant to b-lactams (including ampicillin) due to their ability to produce blactamases, low affinity binding of b-lactams to the target (penicillin-binding proteins [PBPs]), or failure of the drugs to penetrate the outer membrane porins. 29, 53 The high resistance to ampicillin observed in this study might be due to the frequent use of b-lactams including penicillin or a combination of penicillin with streptomycin in treatment of pneumonia and mastitis cases in cattle.
In this study, six out of nine (67%) tetracycline-resistant isolates were found to possess tet(O), 35% of isolates with MDR profiles had cmeB, and about 18% of ampicillinresistant isolates had bla OXA-61 (Table 6 ). The frequent detection of tet(O) in tetracycline-resistant isolates is expected and matches with studies on resistant Campylobacter isolates recovered from humans and poultry. 66 However, tet(O) was also detected in nine tetracycline-susceptible Campylobacter (six C. jejuni and three C. coli), and the gene was not detected in three tetracycline-resistant isolates (two C. jejuni and one C. coli). This is rare but not surprising, because (1) it has been previously reported that the tet(O) might be present in the resistant strains but might be undetected by the primers used as described by Guévremont et al., 36 and (2) it was recently reported that tet(A) can occur in some Campylobacter isolates. 1 The relatively low prevalence of cmeB in Campylobacter isolates with MDR profiles might be due to the high sequence variation in cmeB. It is also probable that the primers failed to detect the regions subjected to modification as previously reported.
14 Furthermore, MDR is associated with the overexpression of cmeB 67 and mutations in the cmeR that regulates expression of CmeABC; hence, the occurrence of the cmeB, its sequence and expression should be noted for a complete interpretation of the antimicrobial 48 KASHOMA ET AL.
resistance. Similarly, Campylobacter resistance to b-lactam such as ampicillin is not only associated with enzymatic inactivation by bla OXA-61 , but also other mechanisms such as reduced uptake due to alterations in outer membrane porins and efflux pump system might play a role. 42 Since 1990, there have been dramatic increases in the occurrence of MDR strains of zoonotic pathogens causing infections in humans in many countries. MDR poses a threat to humans by limiting therapeutic choice of antimicrobials. The MDR Campylobacter spp. (51.4% C. jejuni and 36.8% C. coli) in this study may suggest a considerable public health hazard. The results are comparable to those reported by other investigators. 12, 62, 64, 68, 92 Macrolides (erythromycin and tylosin) resistance was primarily associated with most (91.7%) of the MDR isolates. A similar association has been reported in previous studies, although no genetic basis has been described. 28, 83 In vitro antimicrobial susceptibility testing involves measuring the antimicrobial's activity against the test microorganism by determining the MIC or inhibition zone diameter. 32 Although the disk-diffusion method is more convenient, flexible, cheap, and widely used for testing pathogens, several researchers have reported differing results when the method was compared with the broth microdilution method. 52, 55, 84 In this study, 50% of the Campylobacter isolates that were classified as susceptible to ampicillin by the disk diffusion method were found to be resistant using the broth microdilution methods. It is important to note that these isolates harbored the bla OXA-61 gene. Similarly, 54.5% of the Campylobacter isolates that were classified as susceptible to tetracycline by the disk-diffusion method were found to exhibit either intermediate or complete resistance using the broth microdilution method. Again, these isolates were positive for tet(O) using PCR. In addition, resistance was detected against gentamicin only when the broth microdilution method was used. Since accurate determination of Campylobacter susceptibility is of vital importance to ensure an adequate therapy and effectively monitor the antimicrobial resistance trends worldwide, 52 it is important to use multiple approaches to limit methodological biases and to interpret the data adequately.
In conclusion, this study revealed that animal products, raw milk and beef meat, are often contaminated with thermophilic Campylobacter spp., suggesting a possible risk of infection to consumers of raw milk and undercooked meat. This study revealed that resistance was detected against most of the antimicrobial agents tested, with many of the Campylobacter isolates showing resistance to three or more antimicrobial agents. The severity of resistance observed in this study may be the result of indiscriminate usage of antimicrobial agents in treatment of food animals in Tanzania. Alternatively, indirect transmission of already resistant organisms from humans and the environment to carcasses or milk products might also be a contributing factor.
The occurrence of MDR isolates in raw milk and meat poses a threat to humans by further limiting therapeutic options. Therefore, coordinated actions are recommended to reduce or eliminate the risk posed by Campylobacter spp. at a number of stages in the food chain. These include implementing Good Agricultural Practice (GAP) and Hazard Analysis of Critical Control Points (HACCP) at every stage of the meat and milk chain production, from the farm, through the abattoir and milk bulk centers, to the retailers/ vendors, and those involved with the handling and processing of such animal products in the house environment.
